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Molecular Clocks in Mouse Skin
Miki Tanioka1,2,4, Hiroyuki Yamada3,4, Masao Doi2,3, Hideki Bando2, Yoshiaki Yamaguchi3,
Chikako Nishigori1 and Hitoshi Okamura2,3
Clock genes in the skin exhibit day–night changes in expression; however, whether these changes are brought
by external light or intrinsic mechanisms is unclear. In this study, we demonstrated that expression of the clock
and clock-controlled genes showed robust rhythms in mouse skin under constant dark conditions, whereas
these rhythms were completely lost in Cry1/Cry2 knockout mice lacking a molecular clock. At the cellular level,
the main oscillatory protein in the mammalian molecular clock, PER2, was expressed in the nuclei of
keratinocytes in the epidermis and hair follicles, with expression peaking at CT16 (subjective dusk), 4–8 hours
after expression of its mRNA. These expression patterns in the skin stopped after the ablation of the central
clock in the suprachiasmatic nucleus (SCN), which was not recovered even in animals housed in 12 hour-light/
12 hour-dark conditions. These findings demonstrate that the intrinsic oscillating molecular clock exists in the
epidermis, and that signaling from the SCN is essential for the maintenance of the epidermal clock, and cannot
be compensated by external light.
Journal of Investigative Dermatology (2009) 129, 1225–1231; doi:10.1038/jid.2008.345; published online 27 November 2008
INTRODUCTION
In many organisms, most physiological and behavioral events
are subject to well-controlled daily oscillations, and these
rhythms are generated by an internal self-sustained molecular
oscillator referred to as the biological clock. It is now known
that the mammalian master clock is localized in the
suprachiasmatic nucleus (SCN) of the hypothalamus, and that
the molecular oscillator of the master clock in the SCN is
composed of interacting positive and negative transcription/
translation feedback loops of the clock genes, including Clock
and Bmal1 as positive factors, and Period1 (Per1), Period2
(Per2), Period3 (Per3), Cryptochrome 1 (Cry1), and Crypto-
chrome 2 (Cry2) as negative factors (Reppert and Weaver,
2002). It is also known that these molecular oscillators occur in
most cells of the body (Yagita et al., 2001; Schibler and
Sassone-Corsi, 2002; Okamura, 2004), although the rhythms
induced in these peripheral cells damp after a few cycles
(Yamazaki et al., 2000). As SCN cells can oscillate in vitro for
several months, it is now considered that the permanently
oscillating SCN governs and elicits the rhythms of the
molecular clocks in the whole body (Yamazaki et al., 2000;
Okamura, 2007). Circadian rhythms entrain to the environ-
mental light–dark cycle by the retinohypothalamic tract
connecting the SCN and eyes (Klein et al., 1991).
In the skin, daily changes in expression of the clock genes
have been demonstrated in both humans (Bjarnason et al.,
2001) and mice (Oishi et al., 2002). As these studies were
conducted under light–dark conditions, whether these
changes are brought about by external light or only by
intrinsic oscillators is unknown. Skin is an organ that requires
special care, as it is exposed directly to environmental light.
Light is known to directly affect the expression levels of the
Per1 and Per2 clock genes (Shigeyoshi et al., 1997; Takumi
et al., 1998); thus, to demonstrate that skin itself contains a
clock, clock gene expression should be determined in
constant dark. Moreover, as the previous studies examined
skin as a whole, the cell types expressing circadian clock
genes were not determined.
In this study, we attempted to determine which cell type in
the skin expresses the clock genes, whether the clock genes
oscillate in all skin regions of the body in the same manner or
exhibit regional differences, and whether the clock genes in the
skin oscillate at the cellular level without any environmental
light–dark cues. We also examined the clock-gene status in the
skin of Cry1/Cry2/ mice genetically lacking molecular
clocks. Finally, we examined the effect of the central clock on
the skin clock after the complete SCN lesions.
RESULTS
Clock-gene expression in various parts of the skin under
light–dark conditions
We first examined the regional differences in the expression
profiles of the clock and clock-related genes in various parts
of the mouse body. We selected dorsal, abdominal, and
vibrissa skin, and examined Per1, Per2, Cry1, and Bmal1 as
core oscillatory genes (Reppert and Weaver, 2002), and Dbp
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and RevErva as clock-controlled genes (Mitsui et al., 2001;
Preitner et al., 2002), under 12 hour-light/12 hour-dark
conditions by the competitivereverse transcription–PCR
method (Figure 1a). The Per1, Per2, Cry1, Bmal1, Dbp, and
RevErva mRNAs showed diurnal changes under light–dark
conditions in all regions examined (one-way ANOVA,
Po0.01). In dorsal skin, Per1 and Per2 mRNA levels peaked
at the transition time of light to darkness (ZT12) whereas the
troughs were at the transition of dark to light (ZT0). The peak
of Cry1 mRNA expression occurred several hours later,
whereas Bmal1 mRNA showed a completely opposite
expression profile to Per1 and Per2, having a peak at ZT0
and a trough at ZT12. The expression profiles of the Dbp and
RevErba mRNAs showed a peak in the light period and a
trough in the dark period, similar to Per1mRNA. For all genes
examined, the expression profiles were almost identical in
dorsal, abdominal, and vibrissa skin. The expression profiles
of the clock genes in dorsal skin exhibited no gender
differences (Figure 1b). These findings demonstrate that the
clock genes in the skin show daily expression profiles under
light–dark conditions, and that their expression profiles are
the same regardless of skin region or gender.
Circadian expression of the clock genes under constant dark
conditions in wild-type mice and Cry1/Cry2/ mice lacking
molecular clocks
We then examined whether the clock genes in the skin also
exhibit a robust rhythm under constant dark conditions. We
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Figure 1. Regional and gender-related daily expression of the clock genes under light–dark conditions by RT–PCR. Per1, Per2, Cry1, Bmal1, Dbp, and RevErva
in male dorsal, flank, and vibrissa skins (a) and female dorsal skin (b). The relative mRNA level was determined by defining the peak mRNA value among
daily changes adjusted to 100 in each region and gene. Mean±SEM (n¼ 3).
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selected Per2, the main oscillatory gene in mammals (Zheng
et al., 2001) as a representative clock gene, and Dbp, a
transcription factor directly controlled by the clock genes, as
a representative clock-controlled gene. We examined PER2
expression at 4-hours intervals at subjective dawn (CT0),
subjective day (CT4 and CT8), subjective dusk (CT12), and
subjective night (CT16 and CT20) under constant dark
conditions. The peak of Per2 mRNA expression was at
CT12 and the trough was at CT0 (Figure 2). The peak of Dbp
mRNA expression was also at CT12. The amount of Per2 and
Dbp mRNA at CT12 were 10-fold and 3-fold higher,
respectively, than at CT0. Per2 and Dbp mRNA expressions
were also examined in completely behaviorally arrhythmic
Cry1/Cry2/ mouse skin that appeared normal by
histological examination (data not shown). In the skin of
Cry1/Cry2/ mice, both Per2 and Dbp showed constantly
high expressions (Figure 2, at CT0 and CT12), a feature
typically observed in arrhythmic Cry1/Cry2/ mice
(Okamura et al., 1999; Mitsui et al., 2001). Taken together,
these findings clearly demonstrate that the molecular clock
components exist and oscillate in the skin without the aid of
external light stimuli.
Circadian expression of PER2 protein in epidermal
keratinocytes of wild-type and Cry1/Cry2/ mice
Next, we examined the expression of clock genes at cellular
level. To investigate this, we applied immunocytochemistry of
PER2, because this gene product is strictly controlled at the
protein level in a time-dependent manner (Yagita et al., 2001,
2002). When examined at subjective day (CT4) and subjective
night (CT16) in dorsal skin, we found distinct PER2-stained
nuclei in most cell types, including epidermal keratinocytes and
dermal fibroblasts, only at subjective night (Figure 3a). Analyses
at 4-hours intervals demonstrated that PER2 protein was
expressed at CT16 and CT20 in keratinocytes in the epidermis
and hair follicles (Figure 3b). However, at the other time points,
almost all nuclei were negative for PER2.
The percentage of positive nuclei in the epidermis showed
a clear daily rhythm (one way ANOVA, Po0.0001; Figure
3b, upper graph). The temporal expression profiles of PER2
protein and Per2 transcript showed a marked difference. In
contrast to Per2 mRNA, which had a broad expression profile
from CT4 to CT16, the expression of PER2 protein was limited
to only CT16 and CT20: the percentage of PER2 positive
nuclei in keratinocytes in the epidermis at CT16 and CT20
was 90 and 55%, respectively. This indicates that PER2
protein accumulation in the epidermis occurs 4–8 hours after
Per2 mRNA expression.
Next, we examined the circadian expression of PER2 in
completely arrhythmic Cry1/Cry2/ mice. Although Per2
mRNAwas constantly high at CT4 and CT16 in the dorsal skin of
Cry1/Cry2/ mice (Figure 2), no nuclear PER2 protein was
detected in the epidermis either at CT4 or CT16 (Figure 3c).
PER2 protein expression in keratinocytes in hair follicles
The same PER2 expression profiles were examined in hair
follicles in wild-type scrotum and back skins (Figure 4). PER2
protein expression was detected in the nuclei of most of the
keratinocytes constituting hair follicles at CT16, but not at CT4.
Clock-gene expression in the skin after SCN lesion under
constant dark and light–dark conditions
We next examined the effect of the central clock located in
the SCN on the rhythmic expression of the clock genes in the
skin. Analysis of locomotor behavior confirmed the complete
loss of the rhythm in SCN-lesioned animals, as well as the
intactness of the master clock in sham-operated animals,
used as the control (Figure 5a). We examined the expression
levels of Per1, Per2, Dbp, and Bmal1 mRNA at CT2
(subjective morning) and CT14 (subjective early night) in
the dorsal skin under constant dark conditions. Per1, Per2,
and Dbp were higher in the daytime than nighttime in the
sham-operated animals, but those daily rhythms were
abolished after SCN lesion (Figure 5b). Bmal1 mRNA was
higher in the nighttime than in the daytime in the sham-
operated animals, but this rhythm was lost after SCN lesion.
These findings suggest that molecular clocks do not oscillate
in the skin after SCN lesion.
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Figure 2. Circadian expression of Per2 and Dbp mRNAs in the dorsal skin of wild-type and Cry1/Cry2/ mice under constant dark conditions. Data
was obtained by northern blotting. The relative mRNA levels of Per2 and Dbp in wild-type mouse skin are shown at 4-hour intervals. Values were normalized
against the amount of G3PDH mRNA, and the peak values at CT12 were defined as 100%. Mean±SEM (n¼ 3).
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Next, we examined whether external light stimuli can
affect the expression of the clock genes in the skin of SCN-
lesioned animals. However, under light–dark conditions
(mRNA level determined after 2 hours of light on or after
2 hours of light off; Figure 5c), the expression levels of Per1,
Per2, Dbp, and Bmal1 mRNA remained constant in these
mice, irrespective of the environment.
DISCUSSION
In this study, we have provided evidence that all molecular
clock components exist in the skin from all regions of the body,
and that they oscillate even under constant dark conditions. We
also demonstrated strong and rhythmic PER2 protein expression
in keratinocytes, and these oscillations were completely
abolished in Cry1/Cry2/ mice lacking molecular clocks.
Thus, distinct molecular clocks exist in keratinocytes constitut-
ing the epidermis and hair follicles. Moreover, the Dbp gene,
an indicator of clock output, also showed a robust rhythm
similar to Per2 in wild-type mice, but this was lost in
arrhythmic Cry1/Cry2/ mice. This finding strongly indi-
cates that the peripheral core oscillator in the skin effectively
drives cyclic expression of clock output genes.
Next, we determined the cell type responsible for the
observed circadian expression patterns of core clock and
output genes in the skin. As mouse embryonic fibroblasts
(Yagita et al., 2001) and human primary cultured fibroblasts
of biopsied skin (Brown et al., 2005) show clear rhythms, we
speculated that fibroblasts would have the clock. As
speculated, PER2 protein accumulation was observed in
fibroblasts, but their staining was much lower than keratino-
cytes in the epidermis and hair follicles. Indeed, expression of
the clock genes and proteins has already been reported in
primary cultured human keratinocytes (Zanello et al., 2000;
Kawara et al., 2002; Brown et al., 2005).
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Figure 3. Circadian expression of PER2 protein in the dorsal skin of wild-type and Cry1/Cry2/ mice under constant dark conditions. (a) Low-power
magnification photo of immunohistochemical sections stained for PER2 protein at CT4 and CT16. (b) Immunohistochemical examination of PER2 protein
expression (red, left column) in keratinocytes at each time point. Nuclei were counterstained by DAPI (blue, right column). Positively stained nuclei are
indicated by arrows. The circadian change in the percentage of PER2 positive nuclei per DAPI positive nuclei is shown in the upper graph in comparison with
the Per2 mRNA data of Figure 2. For immunohistochemistry, 300 nuclei were counted at each time point, and shown as the mean±SEM (n¼ 3). (c)
Immunohistochemical examination of PER2 protein expression (red, left column) in the epidermis of Cry1/Cry2/ dorsal skin at CT4 and CT16. Nuclei were
counterstained with DAPI (blue, right column). Bars¼ 50mm.
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This study also demonstrated that PER2 protein accumula-
tion in the epidermis occurs 4–8 hours after its mRNA
expression in skin keratinocytes. A large phase-delay
between the PER1 and PER2 proteins and their mRNAs has
already been reported in mouse fibroblast cell lines (Yagita
et al., 2001), and in the liver and respiratory organs of mice
(Matsuo et al., 2003; Bando et al., 2007). This large-phase
delay between the PER mRNAs and proteins is speculated to
be crucial to generate circadian oscillations at the level of
transcription (Hardin et al., 1990; Yagita et al., 2001).
As Cry1 and Cry2 are both crucial components of the
negative loop, Cry1/Cry2/ mice show elevated expres-
sion of E-box-regulated genes such as Per2 and Dbp. In
contrast, in this study, PER2 protein expression was absent in
Cry1/Cry2/ mice skin in spite of high Per2 mRNA
expression. One possible molecular mechanism may be that
the PER proteins are very fragile without dimerization with
the CRY proteins: the co-expression of CRY proteins with PER
proteins inhibits the ubiquitination of PER proteins, which is a
signal for proteasome-dependent degradation (Yagita et al.,
2001; Busino et al., 2007).
The above findings demonstrate that an independent
molecular clock exists in the skin. To determine whether
the master clock in the SCN drives the skin clocks, we
ablated the SCN of wild-type mice by electronic coagulation.
The finding that the SCN lesion abolished all the clock works
in the skin confirmed the master role of the SCN-clock over
the skin clocks. A large time lag exists between the phase of
the clock of the SCN and that of the skin (4–8 hours: see
Shigeyoshi et al., 1997), and during these hours humoral
factors or neuronal signals may arise from the SCN to affect
the skin clocks.
In this study, we were unable to recover the rhythm of SCN-
lesioned animals, even when housed under normal light–dark
conditions (300 lux). Together with a report on eye-enucleated
hamster where sunlight exposure (60,000 lux) could not entrain
the rhythm (Yamazaki et al., 1999), our study suggests that the
skin clock is dominantly regulated by the central clock in the
SCN, and not by external light. However, in humans it has been
shown that a light pulse to the knee induces a phase shift in the
circadian rhythms (Champbell and Murphy, 1998), although
other investigators were unable to replicate these findings (see
Wright and Czeisler, 2002). Moreover, the present studies were
performed under normal fluorescent light (300 lux), and the mice
were not challenged by other lighting conditions. A previous
study of human cultured keratinocytes reported that UVB can
induce clock gene oscillation (Kawara et al., 2002). An
interesting question is whether melanocytes in the mouse
epidermis express these genes, because melanocytes have IV
sensors and also receive adrenergic messages (Grando et al.,
2006). Further studies are required to address whether environ-
mental light can affect circadian clock oscillation in the skin.
There is substantial evidence that the barrier function of the
stratum corneum shows diurnal rhythms (Yosipovitch et al.,
1998; Le Fur et al., 2001; Fuziwara et al., 2005). Moreover, it is
well known that day–night variations in both the mitotic index
and DNA synthesis occur in oral mucosa and skin (Bjarnason
et al., 2000; Brown, 1991). As some of these mitotic rhythms
persist in constant darkness, they might be under control of an
endogenous clock. Recently, in regenerating liver, the circa-
dian clock genes were shown to control the G2 to S transition
via regulation of the wee1 gene (Matsuo et al., 2003). The skin
clock demonstrated in this study will contribute the keratino-
cyte proliferation or skin barrier functions with the similar or
another mechanisms.
MATERIALS AND METHODS
Animals
Adult 3- to 6-month-old C57BL6 wild-type mice and Cry1/
Cry2/ mice were housed in an environment with a 12-hours white
light (300 lux fluorescent light) and 12-hours dark cycle with ad
libitum access to food and water, for at least 2 weeks. For the
experiments in constant darkness, mice were placed in constant
darkness for two days before killing. The animals were killed at the
following times: ZT0 (Zeitgeber time 0¼ time the light was turned
on) and ZT12 (Zeitgeber time 12¼ time the light was turned off) in
the 12-hours light/12-hours dark conditions, and at CT0 (circadian
time 0¼ time of subjective dawn) and CT12 (circadian time
12¼ time of subjective dusk) in the constant dark condition.
Genotyping of Cry1/Cry2/ mice was performed as reported
previously (van der Horst et al., 1999). The Committees for Animal
Research of Kobe University and Kyoto University approved the
experimental protocol of this research.
SCN lesion and locomotor activity
Bilateral thermal electrical lesion of the SCN was performed under
ketamine/xydrazine anesthesia, using a stereotactic microscope. A
lesion was made by passing a current of 20mA through the tissue for
20 seconds. Sham-operated animals were subjected to the same
procedure without current to the SCN. Complete lesioning of the
SCN was confirmed by checking the locomotor activity and
histological sections of the hypothalamus. The loss of circadian
patterns of locomotor activity was detected by passive infrared
sensors (Shigeyoshi et al., 1997).
CT16
CT4
Figure 4. PER2 protein expression in a hair follicle of scrotal skin. Data
were obtained at subjective day (CT4) and subjective night (CT16) under
constant dark conditions. Inset represents higher magnification of the boxed
region at CT16. Examples of positively stained nuclei are indicated by arrows.
Nuclei were counterstained with DAPI (right column). Bar: 100 mm.
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Northern blotting and real-time PCR
Mice were decapitated and 4 cm2 of dorsal skin quickly dissected
and homogenized in TRIzol reagent (Gibco BRL, Grand Island, NY)
at 4 1C. Total RNA was then isolated. For generation of the 32P-
radiolabeled probes for the northern blotting analysis the following
fragments were obtained byreverse transcription–PCR: Per1
(1,638–3,373, AF022992), Per2 (1–636, AF035830), Dbp (812-bp
fragment, U29762). Human G3PDH cDNA control probe was
purchased from Clontech (Palo Alto, CA). The amount of mRNA
were normalized by determination of the amounts of G3pdh mRNA.
For real-time PCR, cDNA synthesis was performed with SuperScript
III First-Strand Synthesis SuperMix (Invitrogen Japan, Tokyo, Japan).
The real-time PCR was conducted with Platinum SYBR Green qPCR
SuperMix-UDG (Invitrogen Japan) and analyzed on a StepOnePlus
unit (Applied Biosystems, Foster City, CA). The PCR primers used are
shown in the Supplementary Material (Table S1). The amount
obtained by real-time PCR were normalized against the amount of
Tbp mRNA.
The 24-hours mRNA rhythms were statistically tested by one-way
ANOVA, followed by Scheffe’s multiple comparisons. Statistical
analysis of the mRNA expression of Per1, Per2, Dbp, and Bmal1 in
the skin performed after SCN lesion at CT2 and CT14 was analyzed
by Student’s t-test (n¼ 4). The Student’s t-test (n¼ 4) was also
applied to the day–night variation in Per1 and Per2 mRNA in the skin
of SCN-lesioned mice housed in light–dark conditions.
Immunohistochemical examination
Mice were deeply anesthetized with ether and intracardically
perfused through the left ventricle with 20ml of phosphate-buffered
saline followed by 50ml of 4% paraformaldehyde and 0.2% picric
acid in 0.1 M phosphate buffer (pH 7.4). After perfusion, the dorsal,
abdominal and scrotal skins were taken. The skin samples were fixed
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Figure 5. Clock gene expression was lost in the skin of SCN-lesioned mice. (a) Double-plotted behavioral actograms. (b) RT–PCR examinations of Per1, Per2,
Dbp, and Bmal1 in sham-operated and SCN-lesioned mice under constant dark conditions. The mean mRNA level at CT2 of the sham-operated control was
adjusted to 100 for each gene. Statistics were performed using Student’s t-test (mean±SEM; n¼ 4). *Significantly different from CT2 (Po0.01). (c) RT–PCR
examination of Per1 and Per2 in mice housed under 12-hours light/12-hours dark conditions. The mean mRNA level at ZT2 was defined as 100 for each gene
(mean±SEM (n¼ 4)). Values of ZT2 and ZT12 were not significantly different for both genes (Student’s t-test).
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in the same fixative and embedded in paraffin according to standard
procedures. Paraffin sections were cut to a thickness of 5 mm,
mounted on 3-aminopropyltrimethoxysilane-coated glass slides,
deparaffinizied in xylene, hydrated in a series of alcohol, and
placed in phosphate-buffered saline plus 0.25% Triton X-100 for
25minutes at room temperature. The specimens were then micro-
waved to enhance their antigenic reactivity and incubated with
rabbit polyclonal anti-PER2 antibody (1:400 in dilution; Alpha
Diagnostics, SanAntonio, TX) as the primary antibody. The bound
primary antibody was visualized using anti-rabbit IgG-Cy3 con-
jugated antibody (1:1,000 in dilution; Amersham Biosciences,
Tokyo, Japan). To visualize DNA, 100 ngml1 40,60-diamidino-2-
phenylindole hydrochloride (DAPI) was used. The fluorescent
images were obtained with a laser scanning confocal microscope
(Bio-Rad, Hercules, CA). We counted the number of PER2-
immunopositive nuclei in 500 DAPI-positive epidermal keratinocyte
cell nuclei for each animal sampled at 4-hours intervals (animal
number¼ 3 at each time point). The daily change in positive
percentage of nuclear PER2 immunoreactivity was statistically tested
by one-way ANOVA followed by Scheffe’s multiple comparisons.
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